The eastern coastal region
2 from 1990 to 2006 for 21 of the 27 European Union member states [8] . Besides that, fertile soils near large agglomerations always act as first victims of being occupied by urban sprawl [10] . China, as a developing country on the fast track, has been experiencing an unprecedented scale and rate of urbanization over the past two decades. It is estimated that 8170 km 2 of land in China had been sealed in the 1990s [11] . It gets more intensified after entering into the 21st century, with a total sealing area of 17,053 km 2 from 2000 to 2005 in China [12] . Moreover, China will continue to give high priority to urbanization in the coming decades [13] . Even though these studies have investigated the dynamics of soil sealing, a monitoring scheme for soil sealing with regard to soil quantity and quality at the provincial scale is still lacking.
Furthermore, constant soil sealing processes interfere with the spatial patterns of soil landscapes, which refer to the spatial distribution and mosaic of soil types [10] . Measuring the characteristics of soil landscapes and their changes in response to rapid urbanization can not only be used to study soil heterogeneity and ecological functions, but also the interaction between soil landscapes and human activities [14] . Previous researches on urban expansion and soil sealing paid little attention to evaluating and comparing the regional characteristics of soil sealing and dynamics of soil landscape patterns among different geographical zones (geo-zones) at the provincial scale, which can provide a holistic view for soil utilization and management due to socio-economic development and topographical restriction.
As a case study of Zhejiang Province, one of the most rapidly urbanizing regions in eastern China, which is also a province lacking a plain region for agricultural production, soil sealing has been considered as a severe threat to the environment, food supply and security which is often neglected in this region [10] . Thus, permanent monitoring schemes of soil sealing are especially needed. This paper provided a practical methodological framework integrating remote sensing, geographic information systems and soil landscape analysis, by proposing a feasible and cost-effective method, to explore the dynamics, and evolution of soil sealing and soil landscape change in response to the rampant urbanization process on a large scale. Moreover, potential impacts including threat to soil resources, food security and the implementation of a soil quality database in guiding regional planning is also discussed in this study.
Study Area and Database

Study Area
Zhejiang Province is situated on the eastern seaboard of China, as the south wing of the Yangtze River Delta (Figure 1 ). Zhejiang Province covers approximately 104,141 km 2 and had a population of 48.3 million at the end of 2013. The region is characterized by a complex topography consisting of 70% hill belts, and 30% dense alluvial plains. The climate is humid subtropical. The average annual temperature is 17.8 °C, and the average annual rainfall is about 1380 mm in 2013.
It has experienced unprecedented economic development during the past two decades. The gross domestic product (GDP) per capita increased from 447 US dollars in 1990 to 10885 US dollars in 2013, which was 1.6 times higher than the national average. Additionally, the population density was 464 persons per km 2 by the end of 2013, 3.3 times the national average. It makes Zhejiang Province one of the richest and also the most densely populated provinces in China. 
Partition of Geo-Zones in Zhejiang Province
Division of six geo-zones in Zhejiang Province was based on natural geographical zoning of Zhejiang Province commonly delineated by geographers [15] . Following the principle that location of the majority area of a city/county determines its category, 69 cities or counties were divided into six zones: Zone I (the northern plains region, including 15 cities), Zone II (the northwestern mountainous region, including nine cities), Zone III (the central basin region, including eight cities), Zone IV (the eastern hilly region, including five cities), Zone V (the southern mountainous region, including 14 cities) and Zone VI (the coastal region, including 18 cities), as shown in Figure 1 . The major meteorological data and socio-economic indicators of 2013 in each geo-zones are presented in Table 1 . 
Data Resources
The main dataset used in this paper was listed as follows: (1) digital land use map for year of 1990, 2000 and 2010 were provided by Chinese Ministry of Environmental Protection. The dataset was interpreted from multi-date Landsat TM/ETM images with a spatial resolution of 30 meters using the method of combining object-based segmentation classification and change detection; (2) Digital Elevation Model (DEM) with 30 m's resolution was used for topographic calculation and geo-zones division; (3) soil survey database of Zhejiang Province with the scale of 1:250,000 that includes a number of variables describing the structure of surveyed soil types, and their physical and chemical characteristics; and (4) demographic and other socio-economic data were obtained from Zhejiang Statistical Yearbooks [16] .
Methodology
Summary Description of Soil Types
"Eight great groups" comprise the soil system of Zhejiang Province according to the Provincial Zhejiang Soil Classification System [17] . Red soils denote the largest soil group of Zhejiang Province covering 36.85% of the entire region, which are characterized by humus horizon, ferralic horizon and parent material horizon. They occur in mountain regions explained by erosion and deposition cycles, and are related to Cambisols in the WRB system. They are followed by Paddy soils (20.2%), which are formed in long-continued wet cultivation. They have anthraquic horizon with an underlying hydragric horizon to reduce percolation losses, and are definitely related to Anthrosols in WRB system. The majority of Paddy soils are distributed in plain regions of northern and eastern Zhejiang Province. Regosols, which take up 12.9% of the provincial area, are weathered away from acid magmatic, sedimentary and metamorphic rocks. They are very weakly developed mineral soils with shallow solum and strong acidity.
Soil Quality Assessment
In order to estimate the detailed information of the soil quality based on soil productivity potential and cultivated suitability, a weighted-additive system is selected to calculate soil quality index [18] [19] [20] [21] [22] [23] . Besides seven indicators covering chemical and physical properties of soils (e.g., soil depth, soil organic matter/SOM, total nitrogen (TN), available phosphorus (AP), available potassium (AK), pH and soil texture), an additional topographic indicator (slope) is introduced. Generally, scoring and weighting the indicators is often based on expert opinion or statistical procedures [3] . However, some factors such as pH and soil texture are not easily quantified by numeric equation. In this study, expert score ranking was adopted to quantify the scales and weights of each variable according to its contributions for soil productivity potential with reference to previous researches [24] . Further details on this procedure can be found in Deng et al. [25] , which is described in Table 2 . The highest weight is assigned to the variable of slope, followed by texture and SOM. The reason is that area with steeper terrain tends to induce higher risk of fertility and soil erosion, and is not conducive to agricultural mechanization. Soil texture affects physical and chemical properties of soil as well as the availability of soil nutrient for crop growth [26] . Meanwhile, SOM was asserted to play an important role in maintaining soil fertility [22] . Before calculating soil quality index (SQI), regions with slopes exceeding 25° were directly excluded from calculation in advance, and ultimately classified into the lowest level of soil quality. The reason is that they have higher risk of soil erosion, and are recommended to be protected as forest conservation rather than agricultural use [26] . Eight indicators were aggregated into the SQI, which is expressed in Equation (1). Finally, according to the SQI score, the soil coverage of Zhejiang Province was graded into four categories: Excellent (accounted for 17.8% of the entire area of Zhejiang Province), Good (26.6%), Medium (28.7%) and Poor (26.9%). The spatial distribution of soil quality levels was exhibited in Figure 2b . The excellent soils, which are guaranteed of high and stable agricultural production, are distributed in the northern plain region, eastern coastal region and some watershed valley. The poor soils are mainly distributed in the southwest of Zhejiang Province, and this kind of soils are totally not suitable for agricultural production.
where SQI is the soil quality index, Wi and Ni represent the weight and score of indicator, respectively, n is the number of indicators. Higher SQI value indicates a higher level of soil quality.
Metrics of Soil Landscape
Landscape metrics are useful in quantifying the spatial pattern of patches [27] . A number of landscape metrics have been developed to describe the spatiotemporal patterns of land use structure influenced by urbanization. In this study we adopted these landscape metrics to analyze the composition and configuration of soil landscape. Considering their ecological implication for soil landscape studies and the redundancy existing between metrics, five landscape metrics, which are typically adopted and widely used in landscape pattern studies based on land use, are employed in this study to describe the spatial patterns of soil resources under different urbanization processes: patch density (PD), area-weighted mean shape index (AWMSI), largest patch index (LPI), aggregation index (AI) and Shannon's diversity index (SHDI). FRAGSTATS 3.3 software was used to calculate the selected landscape metrics. The computational equations along with their ecological characters were provided in Table 3 . Represents the dominance of the largest soil patch (percent). 0 < LPI ≤ 100, higher value denotes higher dominance.
where pij and aij represents the parameter and area of patch j in soil type i
Represents the complexity and irregularity of soil patches. AWMSI ≥ 1, higher value denotes higher irregularity. 
Results and Discussion
Dynamics of Soil Sealing Process
Radical market reforms implemented in Zhejiang Province brought immense built-up expansion during the past two decades (Figure 3) . According to the results of interpreted remote sensed data, it showed that sealed soils had expanded from 4548.6 to 10,968.5 km 2 for the entire study area, with an annual increasing rate of 4.7% over the past two decades ( Table 4 ). The highest increasing rate is observed during 2000 to 2010 (5.5%), when rapid development of export-oriented economy and overheated economic investments stimulated large amounts of construction projects, such as rapid urbanization, new countryside construction, frequent transportation infrastructure construction and the industrial parks boom [25, 28] .
The comparison of built-up area shows great discrepancy among cities of different geo-zones in Zhejiang Province. For instance, cities in three geo-zones (I, III and VI) are observed to have larger built-up area, which are three typical economically developed centers. In contrast, urbanization is constrained by hilly and mountainous topography in the remaining three geo-zones (II, IV and V). The average expanded built-up area of city in Zone I was observed to be five times more than that in Zone V. It signifies that terrain features and location are two main factors influencing regional urban development. Human settlement is advanced at flat lowland area in close proximity to transportation routes and developed metropolitan cities as estimated in previous researches [29, 30] . Zone I, III and VI have specific available resources and are favored by provincial government to achieve rapid economic growth [31] . For instance, cities in Zone I benefits from abundant plain resources and locational advantage of being adjacent to Shanghai, while cities in Zone VI rely on coastal resources for developing fishery and port-transportation. 
Type Composition of the Sealed Soils
Based on an overview of the soil types of the newly expanded built-ups during different urbanization periods, it is evident that Paddy soils are the most vulnerable type to be occupied (Figure 4 ). For the whole study region, 3836 km 2 of Paddy soils had been occupied by accelerated urbanization during the past two decades, which accounted for 59% of the total provincial sealed soils. This can be attributed to the fact that Paddy soils are generally distributed in flat areas in close proximity to human settlements due to long tillage history, which determines that they are apt to be occupied by urban sprawl at relatively low cost [32, 33] . Moreover, occupation on Paddy soils has sped up distinctly after entering into the 21st century. It is worth mentioning that more than 25% of the Paddy soils in Zhejiang Province have been sealed by the end of 2010. The second largest composition of the sealed soil types is Red soils (16.5%), followed by Fluvo-aquic soils (8.4%). The characteristics of soil composition vary among cities of different geo-zones. Paddy soils were proved to be the largest composition of the sealed soils across six zones. The largest occupation on Paddy soils over the past two decades was observed in the cities of Zone I and VI, where majority of the Paddy soils of Zhejiang Province were distributed in these two zones (58.6% of the total provincial Paddy soils). It is summarized that the average consumption of Paddy soils is 826 km 2 and 589 km 2 per year respectively for each city in these two zones. The consistent sealing of Paddy soils, if not controlled, would seriously threaten food supply and security for that Paddy soils produce about 90% of staple food in eastern coastal China historically [34] . Zhejiang is confronted with the great pressure of having a severe shortage of land supply both for agricultural production and economic development, for it is one of the poorest provinces in terms of land resources in China [35] . In order to fill this gap, local governments set their sights on low hilly regions for economic development and urban expansion purposes [36] , such as Zone II, IV and V, which is reflected by relatively high occupation on Red soils and Yellow soils in these regions. Meanwhile, cities located in coastal regions, such as Zone I and VI, have another option to increase available land: reclamation from sea, either for aquaculture or port construction [37] . These diversified reclamation programs led to the considerable occupation on water in these two zones. However, it is noteworthy that these two projects of expanding available lands have potential risks, such as aggravating regional soil erosion and threatening coastline ecology [37, 38] .
Quality Estimation of the Sealed Soils
The soil quality evaluation of the sealed soils reveals that better soils have higher risk of being sealed ( Figure 5 ). More seriously, soils of the highest quality (i.e., ranked Excellent in Figure 5 ) are the dominant composition of sealed soils during the past two decades in Zhejiang Province, accounting for 68.6%. During 2000 to 2010, total area of 2802 km 2 of the excellent soils has been sealed, compared to that of 1581 km 2 during 1990 to 2000. It is followed by the second-best soils (ranked as good in Figure 5 ), which makes up 19.0% of the sealed soils. Occupation on fertile soils is also a common phenomenon that happens to most cities, for majority of which are located on river flood plains with high productive land [39] . The consistent and even intensified sealing of high-quality soils leads to significant reduction in agricultural potential and increasing threat to food security for Zhejiang Province.
As exhibited in Figure 5 , excellent soils are the most vulnerable to sealing across cities of six geo-zones. When comparing sealed area of excellent soils between two estimated periods, it is found that the area has doubled in the 2000s in cities of four geo-zones (Zone II, IV, V and VI). However, occupation on excellent soils is severest in Zone I considering sealed area. An area of 132 km 2 of excellent soils has been occupied by urban sprawl during the past two decades for each city in Zone I. What is more, excellent soils account for 82.3% of the newly expanded built-ups during the past two decades. This region was once known as the "Land of plenty" for its fertile lands and high agricultural productivity, and now is famous for rapid urbanization and industrialization. The large scale of high-quality arable land has been transferred to build-up in this region. Cities of Zone II and V had the least occupation on the excellent soils, with the percentages of 46.1% and 41.3%, respectively. These two zones are located in the mountainous region of Zhejiang Province, where plain regions with fertilized soils are extremely limited. However, local government accelerates economic growth at the expense of consuming the limited high-quality soils.
Zhejiang is one of the richest provinces in economic development, but also the poorest in land resources. The dramatic occupation on productive soils distributed on flat plains has become a serious threat to food security and soil ecological health. Our results reveal that the rampant urban sprawl rate, if not being rationally planned, would lead to exhaustion in excellent soils for agricultural uses by 2050 in Zhejiang Province. Although quite a number of land protection schemes were promulgated in the late 1990s, such as the General Land Use Planning and Arable Land Protection [40, 41] , our results indicated that the crisis of sealing on productive soils has not been relieved at all. To achieve an effective result, establishing a soil quality database seems more necessary for guiding the implementation of these regulations. Moreover, sustainable regional planning of Zhejiang Province is also especially needed for urbanization intensity allocation and productive soil preservation. 
Soil Landscape Changes Due to Urbanization
Generally, as a result of soil sealing processes under accelerated urbanization, soil landscape patterns have also changed to a great extent (Table 5 ). For the entire study region, soil landscape patterns have become not only more fragmented and irregular explained by the increase in PD and AWMSI, but also more dispersed due to the decrease in AI. Meanwhile, the intensified sealing of soils reduced the dominance of soil landscapes (decline in LPI) and diversity (decline in SHDI). Urbanization had greater impact on the soil landscape changes in the period of 2000 to 2010 than 1990 to 2000. This could be attributed to the fact that urbanization intensity during 2000 to 2010 was more substantial. Moreover, the massive construction of a transportation network during this period has greatly spread human activities, and thus given rise to soil landscape fragmentation. It is evidence that the length of transportation routes (including railways and highways) in Zhejiang Province increased from 31,028 km in 1990 to 43,163 in 2000, then leapt to 111,938 km in 2010. Among these five indices, SHDI exhibited relatively smooth change, signifying that the number of soil types we considered is too limited to reflect the change of soil diversity in such a wide study region. R represents change rate.
The change of soil landscape patterns varies among different geo-zones of Zhejiang Province ( Figure 6 ). As exhibited in Figure 6 , all of the six geo-zones showed obvious increases in PD and decreases in AI, implying an intensified fragmentation and dispersion of soil landscapes. Majority of the zones experienced increases in AWMSI except for Zone III. We infer that the topographic situation of basin, which is a flat region surrounded by hills and mountains, may contribute to the characteristics of compact and contiguous development. It signifies a pattern of concentrated human activities, with less interference on the surrounded natural soil resources in Zone III. Similar findings were observed in other basin regions [42, 43] . Zone I experienced the greatest impact on soil landscapes by a drastic increase in PD and AWMSI, and decrease in LPI and AI during the two estimated periods. By contrast, Zone V experienced the least influence on soil landscapes. As indicated in previous researches, GDP and population have great effect on landscape patterns indirectly through growth in built-up areas [34] . In this study, population density of Zone I is more than four times that of Zone V during the estimated years. Furthermore, GDP per unit area of Zone I is nearly 13 times that of Zone V. Soil resources in Zone V experienced less artificial disturbances compared with other geo-zones.
Soil landscape fragmentation by rampant urbanization is considered as the most serious impacts threatening soil biodiversity and landscape functioning [44] . The increase in edge lengths and soil patches also brings greater risk to soil resources by consistent urban sprawl. The soil landscape analysis of Zhejiang Province exhibited as a typical example experiencing rapid urbanization. Moreover, due to the scale dependence of landscape analysis accomplished through the calculation of landscape indices, we analyzed and compared the temporal change of soil landscape patterns of individual geo-zones to cross scale dependent barriers [45] . 
Conclusions
Urbanization triggered soil sealing has been deemed as a severe threat to soil degradation, eco-environments, food supply and security. The presented study contributes to the analysis of long-term soil sealing and soil landscape dynamics among different geo-zones in a developed region of eastern coastal China. The proposed framework is proven to be feasible and cost-effective, and the results are significant for governments in formulating strategies against land degradation within urban planning and regional development policies.
Results of this study indicate that the rampant urbanization in Zhejiang Province have imposed great challenges on soil resources characterized by dramatic soil sealing and fragmented soil landscape during the past two decades. For the entire region, the percentage of sealed soils increased from 4.4% in 1990 to 6.6% in 2000 and 10.6% in 2010. More seriously, the built-up area expansion occupied preferentially high-quality soils distributed in plain regions, especially Paddy soils. Moreover, the constant urban sprawl resulted in soil landscape fragmentation and irregularity, and even reduction in the dominance of soil landscapes. Furthermore, the present study identifies different characteristics of soil sealing and soil landscape pattern dynamics among cities of different geo-zones. Results indicate that there is an apparent intraprovincial distinction in urbanization intensity, composition of sealed soils and dynamics of soil landscape patterns among different geo-zones in Zhejiang Province owing to socio-economic development and terrain features. Cities of Zone I and VI have experienced the most intense soil sealing and anthropogenic interference to soil landscapes. They were also observed to have the highest occupation on the most fertilized soils and paddy soils.
This drastic soil sealing process, if not controlled, would give rise to the devastating consequences of environmental deterioration, food insecurity crisis and soil ecological instability. From a policy perspective, establishing a timely database and permanent monitoring dynamics of soil sealing on prospects of soil quantity and quality at the national scale may provide useful information to sensitize the public opinion and government at all levels. Especially in those relatively rapid urbanizing regions, protecting fertilized soils from consistent urbanization has become one of the most urgent and pressing missions. (1) Stimulating urban sprawl to areas with low-quality soils in urban planning and design to conserve limited high-quality soils; (2) accelerating rural regeneration and brown-field development in order to control low-density settlement growth and protect contiguous farmland for agricultural production; and (3) aptly adjusting urbanization processes and environment conservation among different geo-zones with regard to natural resources, such as soil quality and terrain features, effectively balances the human activities and soil resources, and thus achieves sustainable development. 
